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Abstract. Although catchment behaviour during recession
periods is better identiﬁable than in other periods, the repre-
sentation of hydrograph recession is often weak in hydrolog-
ical simulations. Among the various aspects that inﬂuence
model performance during low ﬂows, in this paper we con-
centrate on those more inherently related to the modelling,
such as the development of a suitable model conceptualiza-
tion, and the choice of an appropriate calibration strategy.
In this context we develop a methodology where the calibra-
tionprocedureiscombinedwithaniterativeprocessofmodel
improvement, to obtain an optimal model conﬁguration that
performs well both during low ﬂows and high ﬂows. The
methodology starts by calculating a synthetic master reces-
sion curve that represents the long-term recession of a given
catchment. Subsequently, using a simple reservoir model,
we determine the storage-discharge relation that simulates
the slow hydrograph component. This relation is determined
without making any a-priori assumption on its form and is
inferred from discharge data available through an iterative
process. Next, high ﬂow related parameters are recalibrated
separately, to avoid that the simulation of low discharges is
neglected in favour of a higher performance in simulating
peak discharges. This methodology is applied on several
catchments in Luxembourg, and as a result we determined
that in all catchments except one (where human interference
is high) within the chosen model structure a linear reservoir
describes best the observed groundwater behaviour. This re-
sult is used to trigger a discussion as to the general suitability
of the use of a linear groundwater reservoir in hydrological
modelling.
Correspondence to: F. Fenicia
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1 Introduction
During recession periods, catchment response is more regu-
lar and better identiﬁable than during or shortly after rainfall
events. Streamﬂow under dry weather conditions is gener-
ally considered to be sustained by groundwater. Groundwa-
ter ﬂow is related to storage properties and subsurface hy-
draulics rather than concentration times and pathways of the
surface watershed (Wittenberg, 2003). Therefore it is less
affected by the variability of those factors that inﬂuence sur-
face water ﬂow, such as the typology of a rainfall event or
the seasonal variation of land cover. Finally, data quality and
reliability improves with low discharges, allowing a better
control on catchment behaviour.
While these considerations would lead to the conclusion
that low ﬂow events should be easily predictable, their repre-
sentation is often weak in hydrological simulations. Among
the various reasons that can justify bad model performance
during low ﬂows we identify the following: 1) inappropri-
ate process conceptualization; 2) unsuitable calibration strat-
egy; 3) unreliable data (e.g. wrong rating curves, change in
river cross sections, low ﬂow measures in temporary frozen
rivers). While the last problem lies beyond the domain of
modelling, the ﬁrst two are inherently related and concern
any modelling action. Model structures and parameteriza-
tions are inherently uncertain when they are based on an a-
priori representation of the natural system. When a ﬂawed
conceptualization combines with calibration strategies that
favour an accurate representation of peak ﬂows, model struc-
tural inadequacies manifest themselves as a biased repre-
sentation of other aspects of the simulation, such as ﬂow
recession and low ﬂows (Gupta et al., 1998). In this con-
text, improvement of model performance should be achieved
through improving model conceptualization and calibration
strategies.
Model structural uncertainties can be reduced if model
conceptualization, instead of being a-priori deﬁned, is
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ﬂexible and can be adjusted in response to observations. In
conceptual modelling, this has led to the development of
generic frameworks where the model structure is inferred
from data or from ﬁeld evidence. The top down approach
(Klemeˇ s, 1983; Sivapalan et al., 2003), the dominant process
concept (Grayson and Bl¨ oschl, 2000), and the development
of ﬂexible box models (Wagener et al., 2001) are some ex-
amples in this ﬁeld.
Theneedofappropriatecalibrationstrategieshasledtothe
conclusion that the calibration problem should be analysed
through a multi-objective approach (Gupta et al., 1998). Dif-
ferent objectives deﬁne model performance with respect to
different aspects of the simulation, and can be used to better
ﬁt the model output to speciﬁc characteristics of the recorded
signal (Boyle et al., 2000; Hogue et al., 2000) or to force the
various processes simulated by the model to match differ-
ent measured variables (Uhlenbrook and Leibundgut, 2002;
Seibert and McDonnell, 2002).
In this paper, we identify a calibration strategy that looks
for a conceptualisation and parameterisation that considers
the dynamics of high and low ﬂows separately. This result
is obtained through a multi-step calibration approach, where
parametersarecalibratedinseparatestagesaccordingtomul-
tiple objectives (Hogue et al., 2000). The methodology ini-
tially calibrates model parameters with bias to low ﬂow, and
subsequently recalibrates some parameters (those related to
high ﬂow simulation) with a bias towards ﬁtting the high
ﬂows. The interaction between the mechanisms that generate
high and low ﬂow is dealt through iteration.
While ﬁtting the model to the data, we make use of a gen-
eral non-linear recession equation, and iteratively improve
the parameterization of the groundwater-generating compo-
nent of the conceptual model. Recession characteristics for a
givencatchmentarederivedthroughthecalculationofamas-
ter recession curve (MRC) from a set of recession segments.
The MRC is then used to derive a storage-discharge (S-D) re-
lation to describe the behaviour of a reservoir that conceptu-
alizes the integrated response of the groundwater processes.
This relation is also affected by the ﬂux entering the reser-
voir, which is a-priori unknown. Therefore the S-D relation
is adjusted iteratively during the ﬁrst calibration stage.
The model adaptation to ﬁeld data can be regarded as a
combination of a bottom-up and top-down approach (Siva-
palan et al., 2003), in the sense that within an a-priori de-
ﬁned model structure, the parameterization of the ground-
water model component is inferred from the data, instead of
being previously speciﬁed.
The attempt to adapt a model structure to recession data
has already been performed in previous studies. Ambroise
et al. (1996) tested the application of alternative forms of re-
cession curves to TOPMODEL; working on the same model,
Lamb and Beven (1997) describe the derivation of an appro-
priate recession curve by analysing recession data; Moore
(1997) applies several storage-outﬂow models to recession
analysis.
Following the work of Lamb and Beven (1997), the S-D
relation is inferred from the data, instead of being a-priori
determined. Although these authors concentrated on reces-
sion analysis per-se, in the present paper we present a com-
bined modelling-calibration methodology for the complete
rainfall-runoff process. The procedure has been applied in
eight catchments in Luxemburg, which will be used as illus-
trations.
2 Study area
The study area comprises eight catchments in Luxembourg.
In the central and southern part of Luxembourg, the lithol-
ogy mostly consists of an alternation of marls, sandstone and
limestone. This alternation strongly inﬂuences the relief of
the area, which is mostly characterized by cuestas. The land-
scape is characterized by gently sloping areas of marls that
alternate with deep valleys cut into sandstone or limestone
formations. The northern part of Luxembourg belongs to the
Ardennes massif; lithology in this area is mainly represented
by compact metamorphic rocks like schist and phylite.
Marls can be considered to be impervious and highly re-
sponsive to rainfall. Those formations have little storage ca-
pacity, therefore, in those areas, the streamﬂow is concen-
trated in rainfall periods, and is very low or absent during
prolonged dry weather periods. Streamﬂow is sustained by
saturated throughﬂow, occurring at the interface between the
soil and the underlying bedrock layer.
The response of shist depends on the water content of the
basin. During the wet season the weathered zone quickly
saturates, resulting in a more pronounced response to rainfall
than during the dry periods. Depending on the development
of the weathered zone, schist sustains discharge during the
dry period. Deep percolation seldom occurs due to disconti-
nuities in the rock mass.
Sandstone formations are highly permeable allowing deep
percolation, and are located on top of a conﬁning marl layer.
In those areas, the streamﬂow is mainly sustained by ground-
water ﬂow, which occurs either by channel incision of the
groundwater table or as springs at the contact zone between
the sandstone and the marl. With respect to the other for-
mations, sandstone areas are characterized by a dampened
response to rainfall.
The sub-basins chosen represent a variability of basin
sizes, geological conditions, physiographical properties, as
well as the availability and quality of streamﬂow data. The
main physiographical characteristics of the sub-basins and
the major geologic units are summarized in Table 1. The
locations of the catchments are shown in Fig. 1. Some of
the catchments are nested, in particular the Attert-Useldange
catchment includes the Schwebich-Useldange catchment,
and the Alzette-Pfaffenthal catchment includes the Alzette-
Hesperange and the Petrusse-Luxembourg catchments.
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Table 1. Physiographic characteristics of the selected catchments. SH: schists, SS: sandstone, MR: marls, LS: limestone.
Catchment Outlet Area Cultivated Grassland Forested Urbanized Geologic units
[km2] land (%) (%) land (%) land (%)
Wark Ettelbruck 81.5 24 30 42 4 SH, SS
Schwebich Useldange 30.0 16 51 31 2 SS, MR
Attert Useldange 247 29 35 32 4 SH, MR, SS
Wiltz Winseler 102 34 34 25 7 SH
Eisch Hagen 49.8 41 35 18 6 MR
Petrusse Luxembourg 44.9 12 42 22 24 MR. SS
Alzette Hesperange 288 27 26 29 18 LS, MR
Alzette Pfaffenthal 356 25 27 28 20 LS, MR, SS
The rainfall observation network in the study areas has an
averagedensityofoneinstrumentper30km2, withautomatic
rain gauges functioning since the mid-1990s, measuring at
15-min time interval.
For the present study, hourly data of rainfall, potential
evaporation and discharge have been used. Average rainfall
for each sub-basin was determined using Thiessen polygons.
An hourly time step has been selected because some of the
selected basins show a fast reaction to rainfall, with concen-
tration times in the order of a few hours.
Daily estimates of potential open water evaporation and
potential transpiration were calculated using the Penman-
Monteith equations, using temperature, wind speed, humid-
ity and net radiation. The necessary data were measured
at the meteorological station located at Luxembourg airport.
Hourly estimates have been calculated distributing the daily
amounts through a sinus function.
For model calibration 3 years of available records have
been used, starting from 1 September 2001 until 31 August
2004. We regard this period as representative for the general
hydrologic behaviour of the catchments studied, and partic-
ularly for the low ﬂow behaviour, being the summer of 2003
one of the hottest and driest ever recorded in central Europe.
3 Model description
3.1 FLEX model structure
The Flex (Flux Exchange) hydrological model is a lumped
conceptual model that represents the relevant hydrological
processes occurring in the catchments.
The model is composed of four reservoirs: an intercep-
tion reservoir (IR), which takes into account the interception
process, an unsaturated soil reservoir (UR), which represents
the storage capacity of the soil, a fast reacting reservoir (FR)
accounting for the formation of fast runoff components and
a slow reacting reservoir (SR), representing the slow runoff
components (Fig. 2).
10
Kilometers
–
FRANCE
GERMANY
BELGIUM
wiltz-winseler
schwebich-useldange
attert-useldange
petrusse-luxembourg
alzette-hesperange
eisch-hagen
wark-ettelbruck
alzette-pfaffenthal
Luxembourg border
main rivers
Fig. 1. Location of the subcatchments in the Grand-Duchy of Lux-
embourg.
3.2 Interception module
Rainfall reaches the IR, which can be ﬁlled up to a speciﬁed
threshold, represented by Imax. Evaporation from intercepted
water Ei can occur as long as water is available in the reser-
voir, and it is assumed to be linearly related to the potential
evaporation Ep through the coefﬁcient Ic:
Ei = Ic · Ep (1)
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FR
SR
R: Rainfall
E: Evaporation
Ta: Actual transpiration
Qt: Total discharge
IR: Interception reservoir
UR: Unsaturated soil reservoir
FR: Fast reacting reservoir
SR: Slow reacting reservoir
Re:E f f e c t i v er a i n f a l l
Ru: Recharge to UR
Rf:R e c h a r g et oF R
Rs: Preferential recharge
Ps:P e r c o l a t i o n
Qf: Fast discharge
Qs: Slow discharge
Fig. 2. Structure of the FLEX hydrological model.
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3.3 Unsaturated soil module
Effective rainfall Re leaves the IR when the threshold Imax is
exceeded. This amount is then partitioned into various com-
ponents based on the value of an effective (i.e. after subtrac-
tion of interception, see: Savenije, 2004) runoff coefﬁcient
Cr (Eq. 2), expressed as an S-shaped function dependent on
the ratio between the storage Su and the maximum storage
Sfc of the UR (Fig. 3). Part of Re inﬁltrates into the UR
(Ru), excess water from the UR is partitioned through the
coefﬁcient D into preferential recharge Rs, which ﬂows to
the SR, and surface runoff Rf, which enters the FR (Eqs. 3,
4, 5).
Cr =
1
1 + exp

−Su/Sfc+1/2
β
 (2)
Ru = (1 − Cr) · Re (3)
Percolation Ps from the UR to the SR is calculated as a linear
function of Su through the coefﬁcient Pmax.
Ps = Pmax
 
Su/Sfc

(4)
The potential transpiration is converted into actual transpira-
tion according to the following formula:
Ta = Tp · min

1,
Su
Sfc
·
1
Lp

(5)
Where Lp is the fraction of Sfc below which Tp is con-
strained by Su.
3.4 Transfer routine
As shown in Fig. 2, the transfer routine of the model con-
sists of two lag functions and two reservoirs. The two lag
functions are characterized by a triangular distribution of lin-
early increasing weights and are deﬁned by the parameters
Nlagf and Nlags that determine the number of time steps in
the transformation routine. Those functions are used to off-
set the ﬂuxes Ps and Rs that enter the SR and the ﬂux Rf that
enters the FR and mainly control the lag-time of the system
and the simulation of the rising limbs of the hydrograph.
The FR is a linear reservoir deﬁned by the time scale Kf,
and the SR is characterized by a S-D relation to be deter-
mined. The drainage equations for the two recession compo-
nents can be expressed as:
Qf = Sf/Kf (6)
Qs = f (Ss) (7)
Where Qf and Qs are the fast and slow discharges and
Sf and Ss are the storages of the FR and SR, respectively.
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Fig. 4. Graphical representation of a Master Recession Curve (rep-
resented by the continuous line) for the Wark catchment.
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Fig. 5. Initial estimate of the storage-discharge relation.
These reservoirs mainly control the simulation of the reces-
sion limbs of the hydrograph. This simple transfer module
is characterized by parameters that affect different aspects of
the hydrograph, and goes in the direction of trying to ensure
an orthogonal character of model parameters with respect to
the objective functions used during their calibration.
The model has a total of 10 parameters that are summa-
rized in Table 2 together with their corresponding units, and
an unknown functional relationship (Eq. 9).
4 Calibration of low ﬂows
The objective of the calibration procedure is to develop an
optimal parameter set and an optimal derivation of the S-
D relation within the SR. The procedure is separated into
two different stages (Hogue et al., 2000). In a ﬁrst stage all
model parameters and the unknown functional relation are
calibrated to ﬁt hydrograph recessions and low ﬂows. In a
second stage parameters that mostly inﬂuence high ﬂows are
recalibrated to give a better ﬁt to the high portions of the hy-
drograph. This way we reach a solution that reﬂects system
behaviour both in terms of high and low ﬂows.
Table 2. Model parameters, units and physical limits.
Parameter Units Range Deﬁnition
Ic – >0 Evaporation coefﬁcient
Imax mm >0 Interception threshold
Sfc mm >0 Maximum UR storage
Lp – 0–1 Limit for potential transpiration
β – >0 Shape parameter of runoff generation
D – 0–1 Runoff partition coefﬁcient
Pmax mm/h >0 Maximum percolation rate
Nlagf h >0 Lag-time of FR transfer function
Nlags h >0 Lag-time of SR transfer function
Kf h >0 FR time scale
The ﬁrst calibration stage is composed of four steps that
arehereafterdescribed. Themethodologyisdemonstratedby
means of an application to the Wark catchment. Calculations
in other catchments follow the same procedure.
4.1 Step 1: Calculation of a Master Recession Curve
The ﬁrst step aims at providing an average characterization
of the catchment response during recession periods. This is
obtained by calculating a Master Recession Curve (MRC),
which is constructed through an envelope of various individ-
ual recessions. A large number of methods exist for calculat-
ing the MRC (e.g. Sujono, 2004); among them we selected
the automatic matching-strip method proposed by Lamb and
Beven (1997).
The procedure uses all recession periods that are longer
than a speciﬁed threshold and combines them into one syn-
thetic recession curve (Fig. 4). The individual recession seg-
ments are sorted in ascending order based on the tail-end dis-
charge values. The curve with the lowest tail-end discharge
value is shifted over time until it overlaps with the next curve.
The concatenation proceeds until the recession curve with
the highest tail-end value is encountered. The purpose of
this particular concatenation procedure is to exclude storm
ﬂow effects from the MRC. The MRC is therefore a synthetic
curve that captures the long-term recession of the catchment
over a wide range of ﬂows. The lower ranges of this reces-
sioncanhencebeheldtorepresentthedischargeproducedby
the depletion of the “groundwater reservoir”, here regarded
as that portion of the catchment that sustains the slow hydro-
graph component.
In this case study, a threshold of 50h has been selected as
a minimum length for recession segments. Variations around
thisvaluedidnotappeartohaveasigniﬁcantimpactontheﬁ-
nal MRC. The method allows the use of two ﬁlters to exclude
recession periods associated with high rainfall volumes or
high potential evaporation estimates. Those ﬁlters have not
been used. Since we are interested in the lower discharges,
we assume that in those periods a rainfall ﬁlter is already im-
plicitly taken into account in the calculation of the MRC. If
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recession curves from the SR with the initial (biased) S-D relation.
in those periods, characterized by a ﬂat recession, a rainfall
event has a signiﬁcant impact on the observed hydrograph,
it will determine an increase of discharge, and will there-
fore interrupt a recession period. Rainfall events that do not
cause this effect are either very local, or produce an amount
of water that is mostly intercepted by vegetation or by the
ﬁrst centimetres of soil.
The evaporation ﬁlter has not been used because in a wet
climate and for the physiographic conditions of the catch-
ment, where the groundwater table is mostly located far be-
low the soil surface, we assume that the groundwater deple-
tion due to water uptake caused by deep-rooted vegetation
is, if not negligible, largely compensated by groundwater
recharge from unsaturated soil drainage. This choice is con-
sistent with the model structure used, which does not con-
ceptualize a transpiration process from the SR.
For the subsequent analysis, it is necessary that the MRC
decreases until zero (or negligible) discharge. If the MRC
does not decrease up to this point, we assume that the ﬂow
behaviour below the range of observation is consistent with
a reasonable extrapolation of the MRC. In this example we
used linear extrapolation of the last 500h of the MRC.
4.2 Step 2: Initial estimate of the storage-discharge relation
As the objective of a calibration procedure is to obtain a
model that correctly simulate the processes for which they
are designed, during low ﬂow recession the SR should empty
in a way that matches the recession curve. The S-D relation
characterizing the behaviour of the SR should therefore be
determined to match the MRC.
A ﬁrst estimate of the S-D relation is calculated under the
initial assumption that during periods of low ﬂow, recharge
to the SR is negligible. Therefore, during these periods, there
would be no inﬂow to the SR, and the outﬂow from the SR is
represented by the MRC.
The S-D relation is calculated by integration of the MRC
over time, starting at the point of zero discharge and proceed-
ing backward (Fig. 5). The choice for a certain extrapolation
method to extend the MRC beyond the range covered by ob-
servations (see Sect. 4.1) has a negligible impact on the S-D
relation since the total volume discharged during the extrap-
olation period is very small.
In order to obtain a curve in parametric form, the S-D re-
lation calculated by integration of the MRC is described by
an appropriate trend line. Since the calculated S-D relation
presents an inﬂection point (Fig. 5), we decided to use only
the portion of the curve below this point. This decision is jus-
tiﬁed considering that the MRC represents the ﬂow recession
over a wide range of ﬂows, therefore, only the lower part of
this curve can be assumed to characterize the groundwater
ﬂow, while the upper part is likely to include contributions
from near surface ﬂow.
The choice of an appropriate trend line to ﬁt the S-D re-
lation can be regarded as the choice of an appropriate model
to represent the groundwater reservoir. Usual models include
the linear reservoir (Malliet, 1905), the exponential reservoir,
originally adopted in the TOPMODEL concept (Beven and
Kirby, 1979), and the power-law reservoir (Tallaksen, 1995).
Arbitrarily complex functions can be selected depending on
speciﬁc cases. In this example we described the S-D relation
with a second order polynomial function.
4.3 Step 3: Calibration of other model parameters
Once the drainage equation (Eq. 9) has been ﬁxed, other
model parameters can be calibrated. Parameter values are
estimated through a single objective calibration procedure,
choosing an objective function that emphasizes the simula-
tion of low ﬂows (Hogue et al., 2000):
NLF =
1
n
 
n X
i=1
 
lnQs,i − lnQo,i
2
!
(8)
where
n: total number of time steps
Qs,i: simulated ﬂow for the time step i
Qo,i: observed ﬂow for the time step i
Due to the use of the logarithmic function, the error (abso-
lute difference between observed and simulated discharge) in
simulating low ﬂows weighs heavier than the error in simu-
lating high ﬂows. Calibrating model parameters to minimize
NLF therefore constrains the simulation of the lower portions
of the hydrograph.
As a search method to identify the global optimum in the
parameter space we have selected the Adaptive Cluster Cov-
ering (ACCO) strategy with local search developed by Solo-
matine (1995, 1999), which proves to be effective and ef-
ﬁcient in global optimization problems. This algorithm is
implemented in the global optimization tool GLOBE (Solo-
matine, 1999), which has been conﬁgured to calibrate the
parameters of the FLEX model.
Hydrol. Earth Syst. Sci., 10, 139–150, 2006 www.hydrol-earth-syst-sci.net/10/139/2006/F. Fenicia et al.: Is the groundwater reservoir linear? 145
y = 2.23E-05x
2 + 3.78E-03x
R
2 = 9.93E-01
y = 5.86E-05x
2 + 1.57E-03x
R
2 = 9.96E-01
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0 5 10 15 20 25 30
Storage (mm)
S
p
e
c
i
f
i
c
 
d
i
s
c
h
a
r
g
e
 
(
m
m
/
h
)
Initial
Iteration 1
Iteration 2
Iteration 3
Poly. (Iteration 3)
Poly. (Initial)
Fig. 7. Recalculation of the storage-discharge relation.
4.4 Step 4: Recalculation of the storage-discharge relation
Instep2theS-DrelationfortheSRhasbeencalculatedunder
the assumption that no ﬂux enters the SR during low ﬂow
recessions. However, the SR is recharged by percolation (Ps)
and by preferential recharge (Rs). We deﬁne Ptot as the total
recharge to the SR, given by the lag-transformation of the
sum of Ps and Rs.
To assess the possible impact of Ptot on ﬂow recession, we
computed Ptot in correspondence of the time periods associ-
ated with the recession segments that compose the MRC; this
time series is deﬁned as Ptot. Subsequently, we calculate the
recession generated by depletion of the SR with initial stor-
age corresponding to the inﬂection point of Fig. 5 both in
the case of absence of recharge, and in the case of recharge
represented by Ptot (Fig. 6). In both cases, the SR is charac-
terized by the S-D relation previously determined (in absence
of recharge).
Figure 6 shows that the ﬁrst curve matches well with the
MRC, while the second, which represents the behaviour of
the model in operational conditions, differs from it substan-
tially. In particular, the presence of recharge increases the
water level of the SR continuously, causing a slower (ﬂatter)
recession. This visual comparison shows that the impact of
recharge on ﬂow recession is not negligible. The initially
calculated S-D relation determining the behaviour of the SR
therefore is biased, and has to be recalculated to take into
account the effect of recharge.
The new estimate of the S-D relation is determined taking
intoaccounttheinﬂowtoSR.Thisprocedureisthesameasin
step 2, with the difference that the storage is now calculated
as the time integral of the difference between the outﬂow
from the SR (represented by the MRC) and the inﬂow (repre-
sented by Ptot). The updated S-D relation is shown in Fig. 7
(iteration 1). We see that the recalculated curve is steeper
than the initial one, meaning that, in order to match theMRC,
the SR has to empty faster than estimated initially. As in
step 2, the recalculated S-D relation is approximated with an
appropriate trend line, and applied to represent Eq. (9). Fig-
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Fig. 8. Master recession curve, total recharge to the SR (Ptot) and
recession curves from the SR with the ﬁnal (actual) S-D relation.
ure 7 shows only the lower ranges of the S-D relations, as
calculated in Fig. 5.
After a new S-D relation has been calculated, steps 3 and
4 are iterated until convergence is obtained in the determi-
nation of the S-D relation. Convergence is considered to be
reached when the relative difference of the total amount of
ﬂux entering the SR (represented by the integral of Ptot over
its time extent) in two successive iterations does not differ
more than 10%. The value of 10% may seem high, but takes
into account that different calibration runs may give slightly
different parameter estimates due to parameter equiﬁnality
(Beven, 1993). Inthisexample, asshowninFig.7, onlythree
iterations were necessary to reach convergence. We can see
that the S-D relations for the 2nd and 3rd iterations are al-
ready very close, giving a visual conﬁrmation that the value
of 10% chosen as a convergence criterion serves the purpose.
For all other catchments, three to ﬁve iterations were sufﬁ-
cient.
The recession curves corresponding to the ﬁnal (actual)
S-D relation are shown in Fig. 8. The steeper curve repre-
sents the depletion of the SR in absence of recharge. The
ﬂatter curve represents the depletion of the SR in presence
of recharge (represented by Ptot) and characterizes the be-
haviour of the SR in operational conditions. This curve now
matches reasonably well the MRC.
The hydrograph simulation after the application of the it-
erative procedure is represented in Fig. 9. We see that the
discharge produced by the SR matches well the lower ranges
of the ﬂow recession, while the higher ranges are approached
by the contribution of the FR. The time period shown in the
ﬁgure includes the highest discharge simulated by the SR. As
it is possible to notice, the range of discharges simulated by
the SR corresponds to the range of the S-D relation that we
assumed to be sustained by groundwater (Fig. 5).
In Fig. 7 the initial and ﬁnal estimates of the S-D relation
are shown, together with the respective trend lines. From the
ﬁgure it is evident that the two curves are different, meaning
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Fig. 9. Hydrograph representation after the application of the itera-
tive procedure (Wark catchment).
that it is necessary to go through the iterative procedure to
determine the actual S-D relation, representative of the ob-
served groundwater behaviour during recession periods. We
can also see clearly that the relation tends to become linear
after the application of the iterative procedure, which also
appeared to be the case in the other catchments. This point
will be discussed further in Sects. 6 and 7.
Theiterativeprocedurehasbeendemonstratedforapartic-
ular model, which, apart from being developed to represent
what we assume to be the dominant processes of the region
studied, has been conﬁgured to facilitate the process of in-
ferring from data the behaviour of the SR. Some considera-
tion regarding the peculiarities of this procedure and some
suggestions to apply the methodology to other situations are
given.
– In the FLEX model, the transfer functions are applied
to the inﬂow of the recession reservoirs and not to the
outﬂow, as in other commonly used model structures
(e.g. the HBV model, Lindstr¨ om et al., 1997). This
obviously facilitates the calculation of the S-D relation
from the MRC. A transfer function applied to the out-
ﬂow of the SR would bias this ﬂux, making this opera-
tion more complicated.
– Apossiblewaytoovercomethisprobleminothermodel
structures (such as the HBV) would be to avoid the use
of a transfer function for the ﬂux ﬂowing through the
reservoir that aims at simulating the slow hydrograph
components, or to offset the ﬂux entering the reservoir,
instead of the outﬂow.
– Some conceptual hydrological models do not consider
continuous percolation from the soil moisture compart-
ment to the groundwater compartment (e.g. the HBV
model). In the FLEX model this could be realized by
setting the ﬂux Ps to zero. In this situation only the
ﬂux Rs would remain to feed the SR. This ﬂux is mostly
related to rainfall events, and can therefore be consid-
ered to occur in time periods associated with the rising
limbs of the hydrograph. In this case there would be no
recharge to the SR during recession periods, and there is
therefore no need to modify the S-D relation calculated
in step 2 through the iterative procedure shown in this
section. This is a possibility that would allow some sim-
pliﬁcations in the calibration phase and allows applying
the S-D relation extracted from the data directly in the
structure of the model. However in this case we have
observed that this simpliﬁcation, while allowing a fairly
good representation of ﬂow recessions, diminishes the
overall performance of the model.
– The structure of the model is developed according to
the perception of the dominant processes present in the
catchment studied. With reference to the exchanges of
the groundwater reservoir, the structure conceptualizes
the process of unsaturated soil drainage, and preferen-
tial recharge. Capillary rise has not been included be-
cause the dominant ﬂux is considered to be directed
downward. Model tests including this process seemed
to conﬁrm this consideration, meaning that this ﬂux was
automatically set to zero through the calibration pro-
cess. However, in more arid climates, capillary rise may
be a dominant process. The same applies to other ﬂuxes
from and to the groundwater aquifer (e.g., groundwater
leakage, or transpiration from deep-rooted vegetation).
Such processes can be easily included in the present
model structure. The iterative procedure can therefore
be easily extended to those cases, and used to analyze
the impact of such ﬂuxes (measured or simulated) on
ﬂow recession.
– The success in the convergence of the S-D relation
mostly depends on the parameter idenﬁability (Wagener
et al., 2003) of the model. Lack of identiﬁability of
model parameters deﬁning the recharge to the SR would
have resulted in large differences of simulated recharge
from one iteration to another, making convergence un-
likely.
5 Calibration on high ﬂows
If the aim is to obtain a full rainfall-runoff model, one should
continue improving the faster components while keeping the
slow compartment unaltered. The association of model pa-
rameters with speciﬁc hydrograph characteristics is in gen-
eral not a simple task, but can be less problematic with mod-
els that are developed focusing on the hydrological processes
that dominate the hydrologic behaviour of a catchment, such
as in this case. Those models are in fact developed in a way
that their components aim at simulating essential features of
a given catchment response to hydrologic events. The corre-
sponding parameters can therefore be related to speciﬁc hy-
drograph characteristics.
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Fig. 10. Effect of recalibration of high ﬂow related parameters.
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Fig. 11. Storage-discharge relation for the Petrusse catchment.
We consider the parameters related to the parameteriza-
tion of the UR and the FR and the parameter representing the
length of the transfer function that offsets the ﬂux entering
the FR as mostly related to the representation of high ﬂows.
Therefore these parameters can be recalibrated to match the
high ﬂow portions of the hydrograph, after the slow com-
partment has been ﬁxed. Here, the recalibration procedure
has been applied to the following parameters: Sfc,Lp, β,
Nlagf andKf. Interception-related parameters were not re-
calibrated because it is assumed that the effect of intercep-
tion on the hydrograph is better identiﬁable during periods
of low ﬂow. Peak discharges are less affected by intercep-
tion, whereas the storage accumulation driving groundwater
recession is.
Theselectedparametersarereadjustedtominimizetheob-
jective function NHF represented by the following equation:
NHF =
1
n
 
n X
i=1
 
Qs,i − Qo,i
2
!
(9)
Compared to NLF, NHF puts a stronger weight on the error
occurring in high ﬂows, due to the square of the difference
between observed and simulated discharge.
The evolution of the value of parameters and objective
functions in the two successive calibration stages is shown in
Table 3. Evolution of model parameters and objective functions in
successive calibration stages.
Parameter Units LF calibration HF calibration
Ic – 1.32E+0
Imax mm 5.13E+0
Sfc mm 4.27E+2 3.86E+2
Lp – 1.00E+0 1.00E+0
β – 3.37E−2 1.35E−2
D – 3.37E−1
Pmax mm/h 1.04E−2
Nlagf h 5.01E−1 5.14E+0
Nlags h 6.41E+1
Kf h 4.81E+1 3.27E+1
Objectives
NLF – 2.55E−1 2.99E−1
NHF – 1.22E−3 1.06E−3
Table 3. The effect of recalibrating high ﬂow related parame-
ters results in an improvement of NHF, and in a deterioration
of NLF. Figure 10 illustrates the effect of the calibration pro-
cedureonthehydrographsimulationfortheWarkcatchment.
The ﬁrst graph represents the calibration after the ﬁrst cali-
bration stage; the second and third graphs show the effect of
recalibration in the second calibration stage. The third graph
is the same as the second but plotted on a log scale to enhance
ﬂow recession and low ﬂows. We can see that the recalibra-
tion of high ﬂow related parameters improves the simulation
of high ﬂows, while the representation of low ﬂows and ﬂow
recession remains almost unaltered. It is also noticeable from
the second and third graph that the overall performance of
the model is quite good, and the trend of the observed reces-
sion is maintained. In the third graph, the peaks in the tail
are enhanced by the logarithmic scale, but, as shown on the
normal scale they are relatively small, and could be caused
by rain on surface water (or rain on saturated banks or on
impervious areas) which this simple model doesn’t consider.
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Table 4. Linearity of the storage-discharge relation.
Catchment R2 initial R2 ﬁnal
Wark 0.97 0.99
Schwebich 0.86 0.95
Attert 0.91 0.96
Wiltz 0.99 0.99
Eish 0.97 0.98
Petrusse 0.79 0.87
Alzette-Hes 0.95 0.98
Alzette-Pfaf 0.96 0.97
It is also noticeable that, notwithstanding a linear storage-
discharge relation, the simulated recession does not plot as
a straight line on a semi-logarithmic scale. The recession in
fact becomes nonlinear due to the effect of recharge.
6 Results from the 8 catchments in Luxembourg
The same procedure has been applied to the other selected
catchments. In all cases we observed that the ﬁnal estimate
of the S-D relation tends to be more linear than the initial
estimate, calculated from data alone. The linearity of this
relation is evaluated by ﬁtting the curves with a linear trend
line, and calculating the coefﬁcient of determination R2. The
interpolation concerns the portion of the S-D relation that is
below the maximum discharge generated by the SR during
the model simulations.
From Table 4 we conclude that all catchments show an
increase of linear behaviour of the S-D relation, suggesting
that the apparent overall nonlinear behaviour can be (at least
partly) explained as a biasing effect of recharge. From Ta-
ble 4 it can be seen that the ﬁnal values of R2 are quite high
for almost all catchments, showing that in most cases a linear
reservoir, as part of the conﬁguration of the model used, is
suitable to simulate the groundwater response. The only ex-
ception is in the Petrusse catchment, whose initial and ﬁnal
S-D relations are represented in Fig. 11. The reason why this
catchment behaves differently from the others may lie in the
fact that, unlike the other catchments, it is not a natural catch-
ment anymore. The Petrusse catchment is highly urbanised
(Table 1) with artiﬁcial drainage and sewerage. The sewer
system(drainingacontinuousstreamofhouseholdwastewa-
ter) strongly inﬂuences the base ﬂow, and alters the natural
discharge especially during periods of low ﬂows. It is also
interesting to notice that the Alzette-Pfaffenthal catchment,
which includes the Petrusse, does not appear to be affected
by the inﬂuence of the Petrusse catchment. This is because
the Petrusse catchment is only a small fraction of the Alzette-
Pfaffenthal, and its contribution to the total stream discharge
is relatively small.
7 Discussion: is the groundwater reservoir linear?
While the objective of this study is to calibrate a concep-
tual model to streamﬂow data, making use of the typical be-
haviour of a recession curve to model the groundwater reser-
voir in a catchment, we come to the conclusion that a lin-
ear reservoir (subject to recharge) can very well describe the
groundwater behaviour of the catchments studied. This fu-
els a further discussion regarding the general validity of the
linear groundwater reservoir in conceptual modelling.
The concept of a linear groundwater reservoir was ﬁrst in-
troduced by Malliet (1905) and is still widely used in concep-
tual modelling. The linear model assumes that the storage is
linearly proportional to the outﬂow, namely, S=kQ, where k
is deﬁned as the time scale of the process, which can be con-
sidered to represent average residence time in storage. The-
oretical studies of groundwater ﬂow have shown that a lin-
ear storage-discharge relationship describes the groundwa-
ter behaviour of one-dimensional ﬂow in a conﬁned aquifer
with constant thickness and uniform hydraulic conductivity
(Werner and Sundquist, 1951).
Numerical analyses of streamﬂow recessions show that the
simple linear reservoir model does not satisfactory represent
the recession curve over a wide range of ﬂows (Tallaksen,
1995); the catchment storage should therefore be given a
nonlinear representation, or be modelled by more than a sin-
gle reservoir. Nonlinear storage-discharge relationships have
also been analytically derived, considering aquifers in vari-
ous conﬁgurations (Moore, 1997; Chapman, 1999). The lin-
ear reservoir model, however, is generally recognized as be-
ing a good approximation in most practical situations (Chap-
man, 1999).
While inferring the behaviour of the groundwater reser-
voir from recession data it is normally assumed that the
groundwater ﬂow is the only outﬂow from the groundwa-
ter reservoir, and that during recession periods no recharge
to the saturated zone takes place. However, it must be kept
in mind that other ﬂuxes to and from the aquifer may be
present, which can inﬂuence signiﬁcantly the shape of ﬂow
recessions. Such ﬂuxes include evaporation from the ripar-
ianzone, transpirationfromdeep-rootedvegetation, capillary
rise to the vadose zone, groundwater abstractions, groundwa-
ter leakage, and recharge from the unsaturated zone. These
ﬂuxes may lower (or increase) the storage of the groundwater
reservoir continuously, causing steeper (or ﬂatter) recession
curves. When those ﬂuxes are neglected, the integration of
the observed recession results in a biased storage-discharge
relationship, which does not represent the actual storage-
discharge relationship that characterizes the behaviour of the
groundwater reservoir.
The effect of evaporation and transpiration on ﬂow reces-
sion were shown to be signiﬁcant in arid and semi-arid con-
ditions (Wittemberg and Sivapalan, 1999). Similarly, in tem-
perate and humid climates, the effect of recharge from un-
saturated soil or perched aquifers may have a considerable
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impact on ﬂow recession. The impact of this ﬂux is obvi-
ously very difﬁcult to quantify, and it is often neglected in
recession analyses.
In this work, with the intention of optimising the param-
eterization of a model reservoir conceptualizing the ground-
water processes, we use internal model results to quantify
the impact of this ﬂux on ﬂow recession, and we show that
the actual storage-discharge relationship characterizing the
model reservoir differs from what was initially estimated
from discharge data alone. In particular, due to the presence
of recharge, in order to match the observed recessions, the
model reservoir has to empty faster than initially estimated,
and the storage-discharge relation becomes more linear.
Because of model structural uncertainties and model pa-
rameter uncertainties, model internal results cannot be re-
garded as a measure of the physical processes occurring in
reality. It is not even among the objectives of this study to
provide such a measure.
However the outcomes of this study offer a possible ex-
planation for the often-observed non-linear behaviour of the
groundwater reservoir. Many studies in fact reported that
the recession constant k of the linear model is not constant
in observed low ﬂow recessions, but decreases with the in-
crease of discharge, indicating a nonlinear process (Wittem-
berg, 2003; Moore, 1997; Chapman, 1999). Chapman(1999)
explains this phenomenon as a consequence of the conver-
gence of ﬂow lines in the groundwater system. The results
of this work suggest that this effect could be explained as a
consequence of recharge. For the higher discharges the im-
pact of recharge on recession is low, because the recharge is
only a small fraction of the total outﬂow during that period
(see Fig. 6). But for low discharges, the effect of recharge
can become signiﬁcant, producing a ﬂatter recession curve.
The hypothesis that the groundwater reservoir is contin-
uously recharged also during recession periods by drainage
from the unsaturated soil or from perched aquifers appears
plausible in the Luxembourg region, which is characterized
by a humid-temperate climate. However, further research
and alternative measures should be used to conﬁrm or inval-
idate this hypothesis, and to quantify the effect of this ﬂux.
Ultimately, a question remains concerning a possible ex-
planation to the pattern observed worldwide indicating that
the groundwater reservoir of a catchment often shows a sim-
ple behaviour, while the reality is known to be complex
and heterogeneous. The storage-discharge relationship of a
catchment is in fact often well described by simple analytical
functions, such as the exponential, power law, and often lin-
ear. Those functions can be analytically derived for aquifers
in very simple conﬁgurations and under crude approxima-
tions(e.g.homogeneousisotropicmedium)thatcontrastwith
the complexity and heterogeneity that are often observed in
nature. Still, those relations appear to work well in most sit-
uations.
An explanation of this evidence may lie in the concept
of self-organization. The dynamic organization and interac-
tion of complex small-scale processes can demonstrate order
at larger scales that can be described by general principles
and simple laws (Savenije, 2001). This effect is often ob-
served in nature, and concerns several branches of research,
from climate to cells, organisms, ecosystems and economies
(Kleidon and Lorenz, 2005). It can be regarded as a result
of the tendency of a complex system to produce the maxi-
mum amount of disorder (entropy). In this view, enlarging
the scale of application, the system contains a larger number
of microscopic arrangements that tend to average out, and
its global behaviour from chaotic and unpredictable becomes
regular and ordered.
Rodriguez-Iturbe and Rinaldo (1997) show how the land-
scape evolution can be explained on the basis of the principle
of minimum energy expenditure and maximum entropy pro-
duction (as a measure of disorder). We can hypothesize that
the process of self-organization that leads to the formation of
river basin landscapes also applies underground, modelling
the subsurface drainage network, and leading to a simple (of-
ten linear) behaviour of the groundwater reservoir.
In this view, instabilities, hystereses, strong nonlinearities
in the storage-discharge relation characterizing the ground-
water behaviour can be regarded as a consequence of the
scale of application chosen (too small for the natural aver-
aging to take place), or of artiﬁcial activities inﬂuencing the
natural ﬂow regime, or of relatively young geological forma-
tions where the self-organization of the natural environment
has not yet fully developed.
8 Conclusions
In this study we propose a methodology that aims at calibrat-
ing a conceptual rainfall-runoff model to streamﬂow data.
The methodology develops an optimal parameter set and an
optimal derivation of the storage-discharge relationship char-
acterizing the behaviour of the model reservoir that simulates
the slow hydrograph component.
The procedure used to determine this relationship can be
regarded as a combination of a top-down and bottom-up ap-
proach. A ﬁrst estimate of this relation is in fact calculated
integrating the master recession curve, which is determined
analysing discharge data alone. This relation is subsequently
iteratively improved by taking into account the impact of
model internal ﬂuxes (in particular, modelled recharge of
groundwater) on ﬂow recession.
Model calibration is performed stepwise: in a ﬁrst stage all
parameters and the storage-discharge relation are calibrated
towards a bias to low ﬂows, subsequently, model parameters
designed to inﬂuence the simulation of high ﬂows are recali-
brated with a bias to high ﬂows. This way we reach a model
conﬁguration that performs well both during low ﬂows and
during high ﬂows. The methodology is applied to a speciﬁc
model structure; however, it could be easily adapted to other
commonly used conceptual models as well. In this work, we
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cast the calibration problem in an optimization framework,
and no parameter uncertainty analysis is performed.
The paper contains the results of the tests of this methodol-
ogy on several catchments in Luxembourg, representative of
the variability of conditions of this area. With respect to the
parameterization of the reservoir that simulates the slow hy-
drograph component, we determined that in general a linear
model can well represented well the groundwater behaviour
of the catchments. The non-linearity observed in the storage-
discharge relation derived from data alone, appeared to be
explained as a bias produced from groundwater recharge.
This result is obviously inﬂuenced by the speciﬁc test con-
ditions, including model structure, calibration methodology,
data quality and availability, as well as all the subjective as-
sessments made by the user (e.g. choice of a speciﬁc model
to represent the groundwater behaviour). Hence, further re-
search is needed to allow a more reliable quantiﬁcation of the
impact of groundwater recharge on ﬂow recession.
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